. metric homodimer with each subunit comprised of two As such, the acylpeptide hydrolases have a high potendomains. The N-terminal domain is a regular sevential for drug discovery. An acylpeptide hydrolase from bladed ␤-propeller, while the C-terminal domain has the thermophilic archaeon Pyrococcus horikoshii has a canonical ␣/␤ hydrolase fold and includes the active also been characterized, but is 100 residues shorter than site and a conserved Ser445-Asp524-His556 catalytic its mammalian counterparts and forms a homodimer triad. The complex structure of apAPH with an organo-(Ishikawa et al., 1998). phosphorus substrate, p-nitrophenyl phosphate, has Despite advances in understanding the biological also been determined. The complex structure unamfunctions of acylpeptide hydrolases, little is known of biguously maps out the substrate binding pocket and the structural basis for the sequential deacetylation of provides a basis for substrate recognition by apAPH. N-terminally acetylated proteins. Human APH has been A conserved mechanism for protein degradation from crystallized, but the structure is still unavailable today archaea to mammals is suggested by the structural (Freese et al., 1993) . Recently, suitable crystals of an features of apAPH.
12.4 (37.9) 10.0 (37.7) ϽI/(I)Ͼ 16.6 (6.1) 18.4 (7.5) 9.7 (3.8) 6.9 (2.0) Redundancy 7.4 (7.2) 7.4 (7.2) 7.5 (7.0) 6.8 ( Results and Discussion and 2A). The N-terminal domain (residues 24-324) is a ␤-propeller with seven blades; each blade consists of a four-stranded antiparallel ␤ sheet. The C-terminal doStructure Determination main (residues 325-581) has a canonical ␣/␤ hydrolase The structure of apAPH was determined by MAD phasfold, with a central eight-strand mixed ␤ sheet flanked ing from a selenomethionyl derivative. Data sets were by five helices on one side and six helices on the other. collected at peak, edge, and remote wavelengths on This central ␤ sheet is all parallel with the exception of beamline BL41XU of SPring-8 (Hyogo, Japan). The crysthe second ␤ strand. A short ␣ helix at the N-terminal tal contained two molecules in the asymmetric unit. The (residues 8-23) extends from the ␤-propeller domain quality of the experimental electron density map was and forms part of the hydrolase domain. Between the good such that residues 8-581 of chain A and residues domains is a large cavity approximately 45 Å in width, 8-581 of chain B could be traced continuously. No denwhich is accessible via a tunnel in the ␤-propeller dosity was observed for residues 1-7 and 582. The final main. Three prolines-Pro312, Pro359, and Pro370-in model consists of 1148 residues, 580 water molecules, each protomer are in the cis conformation. 2 ␤-octyl glucoside molecules, and 2 glycerol molecules. Data collection and refinement statistics are summaInterestingly, the structure includes a detergent molerized in Table 1. cule, ␤-octyl glucoside, bound within the central cavity The structure of the apAPH-pNP complex was deterof each subunit. The detergent molecule, added during mined from a single crystal by molecular replacement, crystallization, does not bind to the active Ser445 but using data collected in-house to 2. In contrast to acylpeptide hydrolases from A. pernix K1 and P. horikoshii, which form homodimers, their mammalian counterparts have been reported to form homotetramers. A multiple sequence alignment shows that the residues in the dimer interface are conserved in mammalian enzymes, suggesting a common mode of dimer formation. Unlike the archaeal enzymes, however, the mammalian enzymes all possess a large hydrophobic insertion near the N-terminal, which may be involved in higher oligomer formation similar to DPP-IV (Engel et al., 2003). Lack of this N-terminal insertion may explain why apAPH forms a dimer rather than a tetramer.
␤-Propeller Domain
The N-terminal domain (residues 24-324) is a regular ␤-propeller consisting of seven blades, each of which is made up of four antiparallel strands ( Figure 2C ). Blade III is the single exception since it has an additional fifth ␤ strand due to crosslinking from blade II. The sheets are twisted and radially arranged around a pseudo 7-fold axis such that they pack face to face. The central tunnel of the ␤-propeller is lined with hydrogen donors and acceptors, which are water solvated. The ␤-propeller is connected to the catalytic domain via two polypeptide than 90Њ in line with other serine proteases ( Figure 2D ). Characteristic of ␣/␤ hydrolases, the active serine is located on a sharp turn known as a nucleophile elbow. The central ␤ sheet is flanked by six ␣ helices on one side and five ␣ helices on the other. The primary seThe sequence surrounding the active serine is Gly-TyrSer-Tyr-Gly, which is consistent with the Gly-X-Ser-Xquence of apAPH contains only two cysteines (Cys416 and Cys453), which are located in the catalytic domain Gly consensus sequence observed in the ␣/␤ hydrolase folds of the lipase, esterase, and serine protease superand form a disulfide bond linking helices ␣6 and ␣7.
family. The main chain conformation of Ser445 is strained, with (φ, ) ϭ (61.3Њ, Ϫ125.1Њ). This is an enerActive Site The serine proteases are known to possess a conserved getically unfavorable conformation also observed in other ␣/␤ hydrolases and is believed to provide an enSer-Asp-His catalytic triad. The three-dimensional arrangement of Ser445, Asp524, and His556 in apAPH ergy reservoir for catalysis. The location of several glycine residues (Gly443, Gly447, and Gly448) in very close matches with other hydrolase structures. This triad is located in the C-terminal hydrolase domain where it is proximity to the catalytic Ser445 allows the avoidance of any steric hindrance in the sharp turn of the nucleophile covered by the tunnel formed by the N-terminal ␤-propeller domain. Ser445 is located on the turn beelbow. The net result is that Ser445 is well exposed and readily accessible to both the catalytic His556 imidazole tween ␤34 and ␣7; Asp524 is located on the loop between ␤36 and ␣11; and His556 is located on the loop group and the substrate. The main entrance to the active site is via a tunnel in between ␤36 and ␣12. the ␤-propeller domain, whose diameter is approxiand Ala-Asp. It is likely that Phe485 and Phe488, which serve as anchors for the pNP substrate, influence the mately 7 Å ; this is large enough for small peptides to enter but would clearly prevent larger peptides and prorecognition of Phe and Leu in the P1 position. Further study of the substrate specificity using p-nitrophenyl teins from accessing the central cavity and undergoing accidental hydrolysis. A second, smaller side opening alkanoate esters (C2-C18 acyl groups) shows that apAPH has optimal activity for substrates with an acyl also provides access to the active site and is located between blades 1 and 2. The ‫6ف‬ Å wide opening is lined chain length of C8 (Y.F., unpublished data). The S2 pocket is not mapped by the pNP substrate, by the residues Asn65, Arg81, Asp82, Glu88, Asp553, Ala557, Ile558, Asn559, and Asn563. As with the main but its location can be inferred through a detailed comparison with POP and DPP-IV. The putative S2 pocket propeller entrance, the side entrance is also water solvated. Assuming the reaction proceeds via a general is also a hydrophobic environment and is particularly rich in phenylalanines (Phe153, Phe155, Phe163, and serine protease mechanism, this side opening may provide an exit for the reaction product following nucleoPhe371). The S2 pocket of DPP-IV features a dual GluGlu recognition motif (Glu205-Glu206), which binds the philic attack and formation of an acyl-enzyme intermediate.
free amino terminus of the P2 residue and is essential for enzyme activity. While apAPH does not have this Glu-Glu motif, it does have an equivalent binding site Substrate Recognition and Catalytic Mechanism formed by Phe153 and Phe155. The S2 site is also lined Acylpeptide hydrolases are unique among the prolyl oliby Arg526, which is structurally equivalent to Arg125 gopeptidase family for their substrate preference, which in DPP-IV and Arg643 in POP. This arginine has been is a short peptide blocked at the N terminus. In order confirmed in both DPP-IV and POP to stabilize and actito understand more about the substrate specificity of vate the P2 residue carbonyl oxygen. Arg526 is also apAPH, we determined the structure of a complex with found to be conserved in all other APH sequences. Furp-nitrophenyl phosphate, a small organophosphorus ther work is required to confirm the specific role of this compound known to be a nonspecific inhibitor of esterresidue. ases. As with many serine proteases, apAPH is a bifuncThe oxyanion binding site is an essential feature for tional enzyme, possessing both acylpeptide hydrolase serine protease catalysis. The negatively charged oxyand esterase activity (Y.F., unpublished data). This simianion is generated from the carbonyl of the scissile bond larity between esterases and acylpeptide hydrolases and stabilized by two hydrogen bonds. In apAPH, a means that they share common inhibitors (Scaloni et hydrogen bond is made by the main chain nitrogen of al., 1994).
Gly369 to the O2P atom of the phosphate group of pNP. The complex structure unambiguously maps out the The second hydrogen bond is most likely provided by S1 substrate binding pocket located in close proximity the main chain amide of Tyr446, which is located ‫4ف‬ Å to the active site ( Figures 3A and 3B) . The pocket profrom the O2P atom of the phosphate group of pNP. This vides a hydrophobic environment for the substrate and arrangement, in which one of the bonds is formed by is lined by the residues Met477, Phe485, Phe488, Ile489, the main chain amide group adjacent to the catalytic Leu492, Trp474, Tyr446, and Val471. Of these, only serine, is typical of the ␣/␤ hydrolase fold family. A differMet477 is conserved in human, porcine, and rat APH. ent hydrogen bonding pattern is observed in POP, It is surprising to note that the phosphate group of pNP wherein the equivalent to the Gly369 main chain hydrois not covalently attached to the catalytic serine. Instead, gen bond is provided by the hydroxyl group of Tyr473 in protomer B the O3P atom of the phosphate group is and not by the main chain amide group. However, superhydrogen bonded to the O␥ atom of Ser445 with a disposition of their active sites shows that the OH group tance of 2.8 Å ( Figure 3C ). The O2P atom forms a hydroof Tyr473 in POP is in a structurally equivalent position gen bond with the main chain amide of Gly369 (2.9 Å ), to the amide nitrogen of Gly369 in apAPH. indicating the location of the oxyanion binding site. Finally, a water molecule is hydrogen bonded to the O4P atom (2.4 Å ). The phenyl ring is stabilized by hydrophoConclusions In summary, we have successfully determined the strucbic interactions with two phenylalanines, Phe485 and Phe488, as well as with Thr527. A similar orientation of ture of an acylpeptide hydrolase from the thermophilic archaeon Aeropyrum pernix K1. To the best of our the substrate is observed in the pocket of protomer A, but with the lack of the water molecule hydrogen bonded knowledge, this is the first structure of an acylpeptide hydrolase to be determined. The structure confirms that to O4P. Consequently, the hydrogen bond distance between O3P and Ser445 O␥ is reduced to 2.3 Å , and the acylpeptide hydrolases are members of the prolyl oligopeptidase family of serine proteases. The apAPH struchydrogen bond distance between O2P and the Gly369 main chain amide is also reduced to 2.3 Å . ture shares the catalytic ␣/␤ hydrolase domain of other serine proteases, as well as the ␤-propeller domain Previous studies of apAPH have indicated that the substrate recognition is not specific. Of a series of Acfound in prolyl oligopeptidase family structures for the specific recognition of small peptides. The apAPH strucamino acid-pNAs tested, apAPH shows the highest activity for Ac-Phe and Ac-Leu substrates, while the lowest ture also includes many features known to be important for serine protease catalysis, such as the Ser-Asp-His activity is for Ac-Ala and Ac-Lys (Y.F., unpublished data). Conversely, the human and rat forms of APH show highcatalytic triad, Gly-X-Ser-X-Gly sequence motif, and oxyanion binding site. Despite the relatively low seest activity for Ac-Ala, Ac-Met, and Ac-Ser. In addition, apAPH also has high activity for the dipeptides Ala-Phe quence similarity among acylpeptide hydrolases, the structural features of apAPH suggest a general serine acylpeptide hydrolases will be important for further study of this important family of enzymes. protease mechanism for protein degradation from archaea to mammals. We have also determined the structure 
